The main motivation was to increase the accuracy of the breast tissue characterization by combining quantitative ultrasound (QUS) with ultrasound (US) dynamic elastography. An agar-gelatin breast mimicking phantom with two inclusions containing the same density of agar (US scatterers) but different proportions of gelatin corresponding to different mechanical properties was made. Transient plane shear waves (SW) at 200 Hz were transmitted through the phantom while the displacement of scatterers was imaged at 5 MHz with an ultrafast imaging technique. From segmented inclusions, the reciprocal of the effective density of scatterers of a general distribution model of the echo envelope and its normalized range were estimated for each inclusion. The results showed that the relative difference of magnitudes between the surrounding medium and both inclusions A and B were 65.4% (A) and 6.4% (B), respectively, whereas differences (in %) of the normalized range (under SW propagation) were 35.3% (A) and 35.1% (B), respectively. The static value could barely distinguish inclusion B from the surrounding; however, the dynamic range of succeeded in that task for both inclusions. Thus, dynamic QUS might add information to QUS performed traditionally in a static framework.
INTRODUCTION
According to the National Cancer Institute of Canada, breast cancer is the most common cancer among Canadian women. In 2012, an estimated 22,700 women were diagnosed and around 5,100 died of breast cancer in Canada. Statistically, an average of 14 women die of breast cancer every day [1] . Early diagnosis is the key issue in optimal treatment [2] .The non-invasive diagnostic methods for breast cancer that are used by clinicians are categorized in three groups: X-ray mammography, magnetic resonance imaging (MRI) and ultrasound echography.
X-ray mammography is recommended as an annual breast evaluation to women 40 years of age or older. However, the performance of the mammography is poor on women with dense breast and this imaging modality is unable to determine benign breast lesions from malignant ones. In order to provide a complement to mammography, it is suggested to add ultrasound echography [3] . In fact, the main goal of the breast ultrasound examination is to reduce the large number of irrelevant biopsies required to confirm malignancy, and to detect lesions that could be missed by mammography [4] . In the field of ultrasound screening, the variable interpretation of radiological images requires a well-trained and skilled radiologist. Thus, developing quantitative criteria is relevant in that context. Microscopic images have shown the different structures of breast cells in pathological tissues [5] . The rationale behind statistical quantitative ultrasound (QUS) is that the spatial organization of the cell nuclei and their scattering properties leave a signature on the statistical parameters [6] . A variety of statistical distribution models of ultrasound echo envelope (i.e., grayscale of the uncompressed B-mode image) have been used in the field of tissue characterization [7] . Furthermore, multiple approaches in the field of QUS have been applied on breast pathological tissues and could show a significant difference between lesion types [8, 9] . However, the specificity of these statistical methods applied to breast lesion classification as benign or malignant ones is still low.
From a mechanical point of view, the early warning sign of breast cancer for the clinician is the stiffness of the tumor, which can be detected by palpation. Various methods in ultrasound elastography imaging have been proposed to estimate the viscoelasticity of tissues to distinguish pathological from normal tissues. In ultrasound dynamic elastography, a shear wave propagates through the medium and the displacement (or velocity) is imaged using ultrasound [10] . Considering the equation of wave propagation, one can estimate the elastic and viscous moduli with this approach [11] . However, this method cannot directly detect any information about the spatial organization of cells, which is not the objective of elastography.
Recently, a study showed that combining the strain-compounding technique and statistical parameter estimation could reduce the false negative rate in diagnosing breast cancers [12] . Moreover, some researchers suggested estimating statistical parameters (Nakagami shape parameter) to determine hardening of porcine lens (Young modulus) and also to grade rat liver fibrosis [13, 14] . These studies motivated us to propose a novel approach by considering the behavior of statistical parameters under shear wave propagation, which may provide additional information to standard QUS.
In this paper, we show the feasibility of combining the statistical QUS with shear wave propagation in order to have a better classification between two inclusions and their surrounding medium in a mimicking viscoelastic breast phantom. An example of in-vitro experiment revealed that considering a general model of ultrasound echo envelope and the dynamic range of a statistical parameter (the E parameter of the K-distribution) could make a distinction between an inclusion and its surrounding medium, whereas the static value of that parameter was not capable to differentiate between the inclusion and the surrounding medium. Thus, we suggest that this new approach can improve the specificity of ultrasound imaging by providing additional information, which may yield a more efficient diagnosis of breast cancer.
METHOD Envelope Statistics Model
In the context of QUS, it was shown that the homodyned K-distribution is a general distribution model of ultrasound echo envelope with a physical interpretation of its parameters [15] . In the absence of a coherent signal component, the general model is referred to as the K-distribution. Therefore, we assume here that in the case of random scatterers, the K-distribution is a general distribution model of the echo envelope of radio frequency (RF) data. The probability density function (PDF) of the K-distribution is described as [15] :
Here, K p is the modified Bessel function of the second kind, of order p, A is the amplitude of the ultrasound echoes, and * is the Euler Gamma function. The shape and the scale parameters of the K-distribution can be defined as:
where N is the number of scatterers within a resolution cell and D is a parameter describing the homogeneity of the cross-section [14] . For the K-distributed model, it was shown that the X-statistic is a better estimator among other known estimators and is defined as [16] :
Here, <I> represents the mean value of the intensity I of the ultrasound echoes. Then, one sets
The parameter E = 1/D was proposed in [17] in the context of the homodyned K-distribution and can be used to avoid having a meaningless value of D whenever X 1. Namely, the parameter E is assumed to be zero whenever X 1. Figure 1 shows the schematic diagram of the experimental set-up. A cubic box was filled with agar-gelatin material (2% agar and 3% gelatin). Breast lesions were mimicked by two hard cylindrical inclusions with 1 cm diameter, which were made by different agar and gelatin percentages (inclusion A: 4% agar with 6% gelatin and inclusion B: 4% agar with 4% gelatin). Transient plane shear waves were transmitted by a function generator (model 33250A, Agilent, Palo Alto, CA, USA) and supplied by a vibrator (model 4810, Bruel&Kjaer, Naerum, Denmark). A rigid plate was placed in contact with the vibrator, which applied shear waves at 200 Hz frequency into the phantom. A Verasonics V-1 (Verasonics, Redmond, WA, USA) scanner was used for plane wave ultrasound imaging and to record the radio frequency (RF) data. The ultrasound probe was an array transducer ATL (L7-4) with 128 elements, 38 mm width at 5 MHz central frequency. 
Experiment

RESULTS
Ultrafast imaging was conducted by using the migration process to build B-mode images from the recorded RF data at a very high frame rate [18] . By applying the normalized cross correlation algorithm, the displacement map could be obtained during the shear wave propagation. The evolution of the displacement map along the wave propagation path could show the boundary of an inclusion, because the inclusion presented a shear wave speed that was different from that in the surrounding medium. Based on this property, we superimposed the B-mode image and the displacement map to visualize the inclusions, which allowed segmenting its elliptical shape. Based on these segmentations, the histograms of the B-mode amplitude were calculated for the surrounding medium and both inclusions. The region of interest for the surrounding medium was selected on the left of the inclusions (Figure 1) , where the shear wave was not disturbed by its interaction with the interface of the mimicking lesions. The PDFs of the K-distribution were estimated using the X-statistics estimator. The model fitting for the three media is shown in Figure 2 . RF data were recorded in static and dynamic SW modes. The values of the E parameter of the K-distribution in the static case are seen in Table 1 . During shear wave propagation, the E parameter varied over time and depicted a temporal motion similar to the tissue displacement map. The range of E in SW mode was normalized by its mean value during the wave propagation (Table 2 ). In this case, both inclusions A and B presented contrast with respect to the surrounding medium. 
DISCUSSION
The current study suggests looking at the behavior of the statistical parameters under shear wave propagation for the purpose of tissue characterization. Previous reported in-vitro results from homogeneous agar-gelatin phantoms under transient shear wave propagation showed the time evolution of the E parameter of the K-distribution, which also presented a similar pattern as the displacement map [19] . For heterogeneous phantoms, we were motivated to see if the dynamic behavior of the E parameter of the echo envelope could give more information than its value in a static context. The above results seem to confirm this trend.
First of all, the ultrasound echo envelope of random agar scatterers in gelatin was in good agreement with the Kdistribution model fitting. Indeed, Fig. 2 shows the estimated PDF of the K-distribution for surrounding agar gelatin and two hard inclusions, which were mimicking breast tumors. The same concentration of agar scatterers was chosen for the two inclusions. From its physical interpretation, the E parameter of the K-distribution is not only related to the density of the scatterers but also related to the medium (through the parameter D 0 ). Therefore, it was expected to obtain distinct values of the E parameter for the two inclusions with different concentrations of gelatin in the static mode.
According to Table 1 , the relative difference of E values between the surrounding medium and inclusions A and B were 65.4% and 6.4% respectively, so that inclusion B was barely distinguished from the ambient medium. As a new step in tissue characterization, we were interested in the dynamic behavior of the E parameter under shear wave propagation. To have similar initial conditions, the distances of both inclusions from the rigid plate were the same. Table 2 presents the normalized range of the E parameter during shear wave propagation for the surrounding medium and the two inclusions. In the dynamic case, the relative difference between inclusions A, B and the surrounding medium were 35.3% and 35.1%, so that each inclusion was distinguished from the ambient medium. Moreover, the two inclusions could be distinguished with the normalized range of E with relative difference of 58 %
CONCLUSION
Increasing the efficiency of ultrasound imaging remains a challenge in breast cancer diagnosis. Different statistical models and methods in the field of QUS have been proposed to develop quantitative tissue classification. This study provided an incentive for considering the dynamic behavior of statistical parameters of the ultrasound echo envelope under shear wave propagation to increase the power of standard QUS. Considering a breast mimicking phantom with two hard inclusions, we showed experimentally that the dynamic range of the statistical parameter E of the K-distribution could distinguish both inclusions from the surrounding medium, whereas the static values of this parameter could barely distinguish one of these inclusions from the surrounding medium.
